The human Polycomb-like (PCL) protein PHF1 associates with pivotal nuclear complexes including PRC2 (Polycomb repressive complex 2) and Ku70-Ku80 that are involved in transcription regulation and DNA-damage repair. The PRC2 complex possesses intrinsic histone lysine methyltransferase (HKMT) activity 1-3 and methylates Lys27 of histone H3, generating epigenetic marks of transcriptionally inactive chromatin [4] [5] [6] [7] . PRC2 consists of four core subunits, including the catalytic Enhancer of zeste homolog 2 (EZH2), Suppressor of zeste 12 (SUZ12), Embryonic ectoderm development (EED) and the histonebinding proteins RBAP46 (RBAP48), also known as RBBP7 (RBBP4). Additionally, three associating proteins, PHF1, JARID2 and AEBP2, have recently been identified. These proteins are not always present in the complex, which implies that variations in the composition of PRC2 may be important for modulating its activity 8 . Indeed, the association of PHF1 with PRC2 has been shown to affect the enzymatic activity and expression of PRC2 target genes [8] [9] [10] . More recently, PHF1 has been implicated in DNA-damage repair. It interacts physically with Ku70-Ku80, which binds to the ends of double-strand breaks (DSBs), and may have a role in nonhomologous end joining (NHEJ) and maintaining genomic stability 11 .
a r t i c l e s
The human Polycomb-like (PCL) protein PHF1 associates with pivotal nuclear complexes including PRC2 (Polycomb repressive complex 2) and Ku70-Ku80 that are involved in transcription regulation and DNA-damage repair. The PRC2 complex possesses intrinsic histone lysine methyltransferase (HKMT) activity [1] [2] [3] and methylates Lys27 of histone H3, generating epigenetic marks of transcriptionally inactive chromatin [4] [5] [6] [7] . PRC2 consists of four core subunits, including the catalytic Enhancer of zeste homolog 2 (EZH2), Suppressor of zeste 12 (SUZ12), Embryonic ectoderm development (EED) and the histonebinding proteins RBAP46 (RBAP48), also known as RBBP7 (RBBP4). Additionally, three associating proteins, PHF1, JARID2 and AEBP2, have recently been identified. These proteins are not always present in the complex, which implies that variations in the composition of PRC2 may be important for modulating its activity 8 . Indeed, the association of PHF1 with PRC2 has been shown to affect the enzymatic activity and expression of PRC2 target genes [8] [9] [10] . More recently, PHF1 has been implicated in DNA-damage repair. It interacts physically with Ku70-Ku80, which binds to the ends of double-strand breaks (DSBs), and may have a role in nonhomologous end joining (NHEJ) and maintaining genomic stability 11 .
PHF1 is an ~50-kDa protein containing an N-terminal singleTudor domain followed by two plant homeodomain (PHD) fingers. Only a few residues separate the Tudor domain and the first PHD finger, whereas the second PHD finger is separated by a linker of ~50 amino acids. The region encompassing the two PHD fingers of PHF1 has been shown to directly interact with the catalytic subunit of PRC2, EZH2 (ref. 12) . This function of the PHD finger region is conserved in Pcl, the Drosophila homolog of PHF1, which binds E(z), the Drosophila homolog of EZH2 (ref. 12) . The Tudor domain and the region following the second PHD finger are involved in the Ku70-Ku80-dependent recruitment of PHF1 to sites of DNA damage 11 ; however, the precise function of the Tudor domain in this process remains unclear.
Tudor is a member of the Royal superfamily of protein modules, which can exist as a single domain or in tandem. Although no binding of a single Tudor to a methylated lysine has been reported, several tandem Tudor domains (TTD) are known to recognize methylated lysine residues in histone tails and in p53. The canonical TTD of 53BP1 associates with histone H4 dimethylated at Lys20 (H4K20me2) and p53 dimethylated at Lys382, whereas the hybrid TTD of JMJD2A binds histone H3 trimethylated at Lys4 (H3K4me3) and H4K20me3 (refs. 13-16) . In contrast, a single Tudor domain has been characterized as a reader of methylated arginine. The SMN and SPF30 Tudor domains bind symmetrically and asymmetrically dimethylated arginines present in their target proteins, and the TDRD3 Tudor recognizes asymmetrically dimethylated Arg17 of histone H3 (H3R17me2a) and Arg3 of histone H4 (H4R3me2a) 17, 18 . Two modules-a chromo-barrel domain and PWWP-associate with H3K36me3, a mark linked to primarily active chromatin and transcription elongation [19] [20] [21] ; however, these modules interact weakly, exhibiting binding affinities in the 2-4 mM range 22, 23 .
In this study, we show that the Tudor domain of PHF1 binds to H3K36me3 with high specificity and affinity, providing the first a r t i c l e s example of a robust reader of this post-translational modification (PTM). It is also the first single-Tudor module capable of recognizing methylated lysine. We found that interaction of Tudor with H3K36me3 inhibits PRC2-mediated H3K27 methylation. This is in line with recent reports that H3K36me3 antagonizes H3K27 methylation by PRC2 [24] [25] [26] . Furthermore, our results demonstrate Tudor-dependent accumulation of PHF1 at irradiation-induced DNA-damage sites, suggesting a previously unrecognized role of this interaction in DNA repair.
RESULTS

Structure of the H3K36me3-bound Tudor domain of PHF1
To elucidate the molecular mechanism of the H3K36me3 recognition, we obtained to 1.9-Å resolution a crystal structure of the PHF1 Tudor domain in complex with an H3K36me3 peptide and established the determinants of specificity toward this epigenetic mark ( Fig. 1 and Table 1 ). In the complex, the PHF1 Tudor domain folds into a fivestranded β-barrel, whereas the H3K36me3 peptide adopts an extended conformation (Fig. 1) . The peptide is bound across one of the open edges of the β-barrel, formed by the twisted β2 and β4 strands. Overall, the binding interface is extensive, with 14 residues of the Tudor domain and 9 residues of the peptide (Thr32-Arg40) involved in direct contacts. The complex buries an accessible surface area of 437 Å in the protein and 535 Å in the peptide. The H3K36me3-binding site consists of three well-defined regions: a central aromatic cage, a hydrophobic patch and an acidic groove (brown, green and blue, respectively; Fig. 1) .
The extended side chain of trimethylated Lys36 of the peptide occupies the aromatic cage formed by the Tyr47, Trp41, Phe65 and Phe71 residues of the Tudor domain. The aromatic moieties of Tyr47, Trp41 and Phe65 are positioned orthogonally to each other and are engaged in cation-π and hydrophobic interactions with the trimethylammonium group of Lys36. The aromatic moiety of Phe71 is slightly rotated, probably contributing more to the hydrophobic contact and less to the cation-π interaction. A similar mode of trimethylated lysine recognition via an aromatic cage has been found in other histonebinding modules, including the chromodomain, the PHD finger and the TTD (reviewed in refs. 27, 28) . In contrast to many of these modules, the aromatic cage of PHF1 Tudor is not pre-formed in the free state, even though the secondary-structure elements of PHF1 Tudor in complex with the peptide and in the apo state (PDB 2E5P) superimpose well (r.m.s. deviation of 1 Å), indicating that binding induces conformational changes in the aromatic cage.
The hydrophobic side chain of Pro38 and the neutral side chain of His39 of the peptide are bound in the hydrophobic patch, which is composed of four solvent-exposed leucine residues of the PHF1 Tudor domain: Leu38, Leu45, Leu46 and Leu48. Additionally, the intermolecular hydrogen bond formed between the backbone NH group of His39 and the carbonyl group of Leu46 restrains His39. The Thr32, Gly33 and Gly34 residues of the peptide lie in a shallow acidic groove, in which the backbone HN of Val35 is hydrogen bonded to one of the oxygen atoms of the carboxyl moiety of Glu66 of the protein. Another oxygen atom of this carboxyl group makes a hydrogen bond and a salt bridge with the ammonium group of Lys37.
The PHF1 Tudor domain is specific for H3K36me3
We used three approaches to define the physiological ligand of the Tudor domain of PHF1 (Figs. 2 and 3, and Supplementary Fig. 1 ). Initially, we carried out a pull-down experiment with biotinylated histone peptides corresponding to unmodified H3 and singly modified H3K4me1, H3K4me2 and H3K4me3; H3K9me1, H3K9me2 and H3K9me3; H3K27me1, H3K27me2 and H3K27me3; and H3K36me1, For clarity, residues of the Tudor domain are denoted using a single-letter code (labels in brown), whereas residues of the histone peptide are denoted using a three-letter code (labels in green). Fig. 1a ).
To gain mechanistic insight into this interaction, we tested binding of PHF1 Tudor to the untagged histone peptides using NMR spectroscopy. Titration of unlabeled H3K36me3 induced large chemical shift perturbations in the 15 N-labeled Tudor domain (Fig. 2a) . In agreement with the crystallographic data, in solution the residues of PHF1 comprising the aromatic cage, the hydrophobic patch and the acidic groove were most perturbed (Fig. 2b) . H3K36me2 and H3K36me1 peptides caused smaller resonance perturbations and were bound with ~1/5 and ~1/25 of the affinity for H3K36me3 as measured by isothermal titration calorimetry (ITC) and NMR (Figs. 2c and 3a, and Supplementary Fig. 1b ). This interaction was essentially abolished by removing all methyl groups at Lys36 (K d for H3K36me0 ~2.5 mM).
The histone peptides trimethylated at other lysine residues, including H4K20me3, H3K4me3, H3K9me3 and H3K27me3, induced slightly different patterns of chemical shift changes and associated with ~1/5, 1/8, 1/9 and 1/13 of the affinity for H3K36me3 (Figs. 2d and 3a, and Supplementary Figs. 1c and 2). Whereas binding of either peptide caused resonance perturbations in the aromatic cage residues, the hydrophobic patch and the acidic groove were more perturbed in the case of H3K36me3. This suggests that residues adjacent to Lys36 are necessary for the interaction. A comparison of the amino acid sequences of the histone peptides shows that only H3K36 contains a basic residue (Lys37) followed by a proline and a histidine residue C-terminal to methylated Lys36, and a Gly33-Gly34 tandem N-terminal to methylated Lys36 (Supplementary Fig. 2c ). The cyclic pyrrolidine ring of Pro38 and the imidazole ring of His39 cover the extensive hydrophobic patch, whereas the hydrogen bond between the side chains of Lys37 and Glu66 is essential for reinforcing the extended conformation of the peptide. The small Gly33 and Gly34 residues of the peptide precisely fit the narrow acidic groove. We conclude that the GGxKme3KPH motif directs the specificity of the PHF1 Tudor domain.
Alignment of the sequences of the Tudor domain from PHF1, MTF2 and PHF19, the three human homologs of Drosophila Pcl, shows that all four aromatic residues in the cage are conserved in only PHF19, suggesting that it also recognizes H3K36me3 (Fig. 3) . Conversely, the Drosophila Pcl Tudor domain, which lacks the two aromatic residues corresponding to Trp41 and Phe71 of PHF1, does not bind methylated histone peptides 29 . The importance of the aromatic residues in PHF1 was underscored by the fact that substitution of either Trp41 or Tyr47 with an alanine disrupted binding to H3K36me3 even as the structure of the protein remained intact ( Fig. 3a and Supplementary Fig. 3) .
Much like TTD of 53BP1, which is specific for a dimethylated lysine residue 13, 16 , the single PHF1 Tudor domain contains an acidic residue in close proximity to the aromatic cage. In the 53BP1 complex, the aspartate forms a hydrogen bond and an ionic contact with the dimethylammonium group, and these interactions account for the preference for dimethylated over trimethylated lysine. A much longer distance between the carboxylic group of Asp66 and the K36me3 group in the PHF1 complex (5.6 Å in PHF1 compared to 2.8 Å in c d Fig. 4) . Consequently, our findings demonstrate that the PHF1 Tudor domain is, by far, the strongest reader of this imperative transcription-linked PTM.
The PHF1 Tudor-H3K36me3 interaction inhibits PRC2 activity
We purified human PHF1-PRC2 complexes from HEK293T cells using wild-type or mutated Flag-PHF1. Mutations that disrupt the aromatic cage of the PHF1 Tudor domain had no apparent effect on the association with EZH2, in agreement with previous observations that the PHD fingers region of PHF1 (ref. 12 ), but not the Tudor domain, is responsible for the interaction with EZH2 (Fig. 4a) .
We tested the enzymatic activity of PHF1-PRC2 on purified native short oligonucleosomes (SONs) by histone methyltransferase assays (Fig. 4b) . We used native chromatin from the yeast Saccharomyces cerevisiae because it contains a high level of H3K36me3 owing to its high transcription activity and gene density 30 . When compared to the wild-type PHF1-PRC2 complex, the PRC2 complexes containing PHF1 mutants impaired in H3K36me3 binding (W41A or Y47A) showed a substantial increase in methyltransferase activity (Fig. 4b,  blue columns) . Notably, we detected a similar marked increase in the methyltransferase activity of wild-type PHF1-PRC2 on chromatin purified from ∆set2 mutant cells, which completely lack H3K36 methylation (Set2 is the sole H3K36-specific methyltransferase in yeast 31 ) (Fig. 4b , blue and red columns on the left-hand side). As evidenced by liquid counts and autoradiogram analysis ( Supplementary  Fig. 5) , loss of the H3K36me mark on chromatin resulted in more robust catalytic activity of wild-type PHF1-PRC2. In contrast to normal chromatin, the PRC2 complexes harboring PHF1 mutants defective in H3K36me3 binding did not show increased methyltransferase activity compared to wild-type PHF1-PRC2 when using ∆set2 chromatin (Fig. 4b, compare red columns) . These results confirm that H3K36me3 is inhibitory to PRC2 (refs. 24-26) and now clearly link PHF1 binding to this functional cross-talk, as both wild-type PHF1 and H3K36me3 are required to block PRC2. Taken together, these data indicate that recognition of H3K36me3 by the PHF1 Tudor domain negatively regulates the enzymatic activity of PRC2. Binding of the PHF1 Tudor domain to H3K36me3 decreases H3K27me3 levels in vivo. To examine the effect of this interaction, we overexpressed wild-type or mutated hemagglutinin (HA)-tagged PHF1 in HEK293T cells and assessed the global levels of H3K27me3 and H3K36me3 by western blot analysis (Fig. 4c) . Overexpression of wild-type PHF1 led to a decrease in the global level of H3K27me3 npg a r t i c l e s as compared to the endogenous level of this mark seen in the empty vector control. In contrast, exogenous PHF1 W41A or Y47A mutants had no effect on the level of H3K27me3. Notably, the levels of EZH2, total H3 and H3K36me3 were equal regardless of whether we used wild-type or mutated PHF1. Furthermore, stable overexpression of wild-type PHF1 in K562 cells resulted in a similar reduction in H3K27me3 levels (Fig. 4d) . These data support the idea that PHF1 inhibits PRC2 methyltransferase activity in response to H3K36me3, as overexpression of PHF1 oversensitizes PRC2 to H3K36me3, causing a decrease in H3K27me3 levels, an effect that is not seen upon overexpression of mutants unable to bind H3K36me3.
To determine the role of H3K36me3 recognition by PHF1 in the PHF1-PRC2 HKMT activity at target loci, we tested the occupancy of HA-PHF1 (wild type and mutants) and the levels of H3K27me3 and H3K36me3 at the promoter of MYT1 (ref. 32) in HEK293T cells (Fig. 5) . We performed chromatin immunoprecipitation (ChIP) analyses on chromatin that was sheared to ~500 bp after fixing. We used primer probes specific for the MYT1 gene, spanning from −2,000 bp to +1,200 bp relative to the transcription start site. At all locations tested, the occupancy of exogenous wild-type PHF1 was considerably higher than was the occupancy of the PHF1 W41A or Y47A mutants impaired in H3K36me3 binding, whereas H3K36me3 levels remained unchanged (Fig. 5a) . These results indicate that binding of the Tudor domain to H3K36me3 is important for targeting of PHF1 to the MYT1 gene. However, as expected, H3K27me3 levels were substantially reduced upon overexpression of wild-type PHF1. Mutation of the PHF1 Tudor domain residues that are crucial for H3K36me3 binding partially rescued this effect and restored the methyltransferase activity of PRC2. The inverse correlation between H3K36me3-dependent PHF1 occupancy and the H3K27me3 level reinforces the idea that PHF1 inhibits PRC2 activity in response to H3K36me3.
To investigate the importance of the PHF1-H3K36me3 interaction in PRC2-mediated deposition of H3K27me3 in a more physiological context, we generated mouse embryonic stem (mES) cells stably expressing Flag-PHF1. Flag immunoprecipitation and MS analysis, which identified PHF1, EZH2, Suz12, EED and RBBP4, indicated that transduced Flag-PHF1 was assembled in a normal PRC2 complex in mES cells (data not shown). We performed ChIP assays using primers for genes known to be either transcriptionally active or silenced in mES cells. For example, the Hoxa genes are not transcribed in mES cells and do not contain the H3K36me3 mark 33 . In agreement with these results, mES cells stably expressing Flag-PHF1 or transduced with an empty vector had a comparable H3K27me3 level at the Hoxa4 and Hoxa11 clusters (Fig. 5b) . In contrast, transcriptionally active genes Oct4 and Nanog, which typically contain a high level of H3K36me3, showed a reproducible decrease of the H3K27me3 signal in cells expressing Flag-PHF1. These results suggest that PHF1 Tudor-mediated inhibition of the HKMT activity of PRC2 is specific to the genomic sites that contain H3K36me3.
Functional Tudor is required for localization of PHF1 at DSBs
After irradiation of cells, H3K36me2 levels increase rapidly at DNAdamage sites, and then decrease 34 . Analysis of histone methylation reveals that generation of this PTM is the main immediate methylation event at DSBs, which also correlates with DNA repair efficiency 34 . H3K36me2 recruits and stabilizes DNA repair components including Ku70, Ku80 and NBS1 at DSBs, enhancing NHEJ repair 34 . Recently, PHF1 was shown to localize to sites of DNA damage and interact directly with . Although the PHF1 Tudor domain is not involved in the interaction with Ku70-Ku80, it has a role in targeting of PHF1 to DSBs 11 . We examined whether the PHF1 localization at DSBs depends on the ability of the Tudor domain to recognize methylated H3K36. We used a 405-nm laser to microirradiate U2OS cells expressing GFP-labeled PHF1-wild type, W41A or Y47A, mutants impaired in binding to H3K36me3-to induce DNA DSBs. We then used fluorescence microscopy to visualize the GFPtagged proteins. Wild-type GFP-PHF1 was recruited to the DSB sites 1 min after irradiation and dissociated within 6 min (Fig. 6,  Supplementary Fig. 6a and Supplementary Video 1) . In contrast, the and W41A and Y47A mutants defective in H3K36me3 binding had substantially shorter retention times at the DSB sites, dissociating immediately after the initial accumulation at the DSBs. Accumulation of wild-type and mutant proteins was completely abrogated in the presence of a Poly (ADP-ribose) polymerase 1 (PARP1) inhibitor and reduced by an ataxia telangiectasia mutated (ATM)/ataxia telangiectasia and Rad3 related (ATR) kinase inhibitor ( Supplementary  Fig. 6b-d and Supplementary Video 2) . This result indicates that the recruitment of PHF1 to DNA lesions strongly depends on activation of PARP1 in addition to requiring Ku70-Ku80 (ref. 11). Together, these data suggest a role for the recognition of methylated H3K36 by the Tudor domain in the stabilization of PHF1 at DSB sites in the PARP1-and Ku70-Ku80-initiated DNA-damage response pathways. (Fig. 5c) ; however, further work is needed to define the precise mechanism of PRC2 inhibition and to explore the effects of additional components that modulate PRC2 function. EED and JARID2, two other subunits of the PRC2 complex, can both activate and reduce PRC2 activity [35] [36] [37] [38] [39] [40] [41] . The WD40 repeat of EED increases methyltransferase activity in response to H3K27me3 but decreases activity in response to H1K26me3 (ref. 40) . Furthermore, in the absence of H3K36me3, PHF1 can increase the methyltransferase activity of PRC2 (refs. 8,9) , which could be due to possible interactions of the PHD fingers of PHF1 with other PTMs (for example, unmodified histone H3 or H3K4me3, which cause no steric collision with H3K27me3). These results support the idea that PHF1 senses the local epigenetic environment through distinct modules. The presence of H3K36me3 and its recognition by the Tudor domain is required to inhibit PRC2 activity, and distinctive distributions of this PTM in different cells may lead to opposite outcomes, for example, as seen in the regulation of Hox genes in NIH 3T3 and GC1Spg cells 8 . Thus, the exact composition of the PRC2 complex and the level and distribution of PTMs, which are known to fluctuate spatially and temporally 1, 42 , may fine-tune the function of this complex, making it a modulator of transcription from the early stages of development to adulthood.
Our findings also point to the role of the Tudor-H3K36me interaction in transient localization of PHF1 at DNA-damage sites. PHF1 has been shown to interact and colocalize with Ku70-Ku80 at DSBs, and two of the regions necessary for targeting were identified as the Tudor domain and a region C-terminal to the PHD fingers of PHF1 (ref. 11). PHF1 can use both the Ku70-Ku80-dependent and/or PARP1-dependent mechanisms for accumulation, which may differentially contribute to anchoring and retention of PHF1. Rapid accumulation and stabilization of PHF1 could be essential in the early response to DNA damage, which involves not only Ku70-Ku80 and PARP1 but also PRC2, as other components of PRC2, such as EZH2, are found to colocalize with damaged DNA 43, 44 . A dynamic regulation of these complexes through variation in their composition could lead to greater sensitivity to the cellular environment and response to extrinsic stimuli, providing a mechanism for differentiating local epigenetic states.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Protein Data Bank: Atomic coordinates for the PHF1 Tudor domain in complex with an H3K36me3 peptide have been deposited with accession code 4HCZ.
